The ion channels expressed early in the development of excitable tissue are often markedly different from those found in the mature cells. In some cells, this difference takes the form of Ca2' currents that are larger relative to the Na+ current than later in development, and outward K+ currents that are smaller and slower, resulting in action potentials that are longer in duration and more Ca2+ dependent than in the mature cell (Barish, 1986; O'Dowd, Ribera & Spitzer, 1988) . In other cells, the differences are more subtle, changing the ratio of inward currents to repolarizing or resting conductances, so that the immature cell is more excitable, or fires action potentials in a different pattern than the mature cell (e.g. Linsdell & Moody, 1995) . In extreme cases, channels involved in generating the action potential may be present only at early stages of development, so that the cell loses its excitability during maturation (e.g. Sontheimer, Trotter, Schachner & Ketterman, 1989; Barres, Koroshetz, Swartz, Chun & Corey, 1990 ; for reviews see Moody, Simoncini, Coombs, Spruce & Villaz, 1991; Spitzer, 1991; Moody, 1995) .
The idea that these differences reflect a developmental role for spontaneous action potentials has now gained wide acceptance. Spontaneous activity has been shown to mediate many developmental events in nerve and muscle, such as axonal pathfinding and expression of mature forms of ion channels and contractile proteins (Cerny & Bandman, 1986; Holliday & Spitzer, 1990; Shatz, 1990; Dutton, Simon & Burden, 1993; Linsdell & Moody, 1995) . Studies using specific misexpression of ion channels have confirmed that the precise pattern of channel expression at early stages is essential for spontaneous activity to mediate such processes accurately (Jones & Ribera, 1994; Linsdell & Moody, 1994) . However, the channels that bring the cell to threshold and trigger such activity are likely to be different from those that govern the waveform of the action potential itself. Therefore, for spontaneous action potentials to play a role in development, the events that trigger them must be co-ordinated with the development of the channels that ensure their appropriate, immature waveform and ionic dependence. This paper reports the results of a study of Ca2+ and K+ current development in ascidian muscle which reveals that such co-ordination can occur by linking the development of an inwardly rectifying K+ current, which sets the resting potential, to that of the Ca2P and outward K+ currents, which control spike duration. Ascidians are marine chordates whose rapid development, early commitment of cell fates, and small cell number make them ideal for the study of the development of excitable tissue (Satoh, 1994) . Muscle-lineage cells of the species we have used contain an orange pigment that allows them to be identified at all developmental stages, even before they express overt morphological characteristics of muscle (see Simoncini, Block & Moody, 1988) . Our previous work on these cells showed that after the muscle-lineage cells complete their terminal cell division at the neurula stage, they downregulate the inwardly rectifying K+ current that was present at earlier stages, and express a small, high-threshold inactivating Ca2+ current and a small, slowly activating delayed K+ current. In the mature state, these cells re-express the inward rectifier, express both a large, high-threshold sustained Ca2+ current and a large outward K+ current, which is rapidly activating and partially calcium dependent. (Ascidian muscle cells have no Na+ current, and their contraction depends on Ca2+ entry during the action potential.) In this paper, we show that the window of time during which the inward rectifier is absent and spontaneous activity is likely to occur, is very short and is the same window during which the cells have only a high-threshold slowly activating delayed K+ current. This ensures that spontaneous action potentials are long in duration and can admit significant amounts of calcium. Using current-clamp recordings, we show that spontaneous, long-duration action potentials do indeed occur during this window. At the end of this window, the appearance of a Ca2+-dependent K+ current, whose rapid activation kinetics speed the activation of the total outward K+ current by about 10-fold, is coincident with the return of the inward rectifier. These events serve both to shorten the duration of action potentials and to prevent their spontaneous occurrence.
METHODS

Animals
Boltenia villosa were collected from Puget Sound and maintained in sea water at 11°C with constant light to discourage spawning. To harvest gametes, animals were placed in iced sea water and then killed by a rapid cut, which bisected the siphons in the area of the cerebral ganglion, and gametes were removed with forceps. Procedures for fertilizing eggs and rearing embryos were as previously described (Block & Moody, 1987) , with the modification that, in later experiments, gonads from two animals containing both eggs and sperm were minced together through 220 ,um nylon mesh, rather than separating the eggs and sperm from each animal and cross-fertilizing. Self-fertilization may occur using this method, (Horn & Marty, 1988; cAMP and MgATP in the pipette solution were probably not necessary, but were retained from earlier experiments using conventional whole-cell recording). All recordings were performed at 12 'C.
Pipettes for whole-cell clamp were pulled from 50 #1 haematocrit glass to resistances of 1-4 MQ2 (in ASW) using a Narishige adequacy of voltage clamp in each cell by the rapid settling of capacitative transients and by the smooth rise of the currentvoltage (I-V) relations of inward currents to their peaks. Deviation from these criteria were readily apparent, for example, when we clamped one of a coupled pair of muscle cells. Current density was calculated by dividing current amplitude by cell capacitance, which was measured as described previously (Moody & Bosma, 1985) . The average capacitance of the cells increased gradually during development (tailbud stage: 16-4 + 0 7 pF, n = 18; tadpole: 19-6 + 0 4 pF, n = 28; P < 0 0002). All measurements are presented as means + S.E.M. For current-clamp experiments, patch permeabilization was done under voltage clamp, with the holding potential set to -60 mV. When series resistance and capacitative transients had stabilized, the patch-clamp amplifier was switched to current clamp and the resting potential and any spontaneous activity in the absence of applied current were noted. Current was then applied to hold the resting potential near -60 mV. Action potentials were recorded after the termination of brief current pulses and during polonged current pulses. Data were accepted only if the input resistance was > 4GQ2, measured under voltage clamp as the reciprocal slope conductance between -60 and -50 mV.
Developmental stages
Between late gastrula and the hatched tadpole, we have defined twelve stages which are both reasonably equally spaced in time (-2 h intervals) and easily distinguishable by morphological criteria. Photographs of selected stages are shown in Fig. 1 . Gastrula (12 h after fertilization at 12 C) is defined by the presence of the blastopore. Late gastrula ( Fig. 1; LGast, 14 h) is defined as the stage when the blastopore has narrowed to an oblong slit. The next stage, neurula ( Fig. 1 neural tube is completely closed and the tail elongates sufficiently to be distinguished from the head. Tailbud ( Fig. 1 ; TBud, 20 h) begins when the tail has extended sufficiently to begin to curl within the chorion. Mid-extension stage ( Fig. 1 ; MExt, 22 h) occurs when the tail has curled around to meet the head within the chorion. The next two stages are defined by the appearance of the otolith (24 h), a sensory organ on one side of the head, and its subsequent darkening ( Fig. 1 ; DOtol, 26 h). Full extension of the tail (28 h) is complete when it curls one and a half times within the chorion. The tail muscles occasionally twitch at this stage. The next stage (30 h) begins with the appearance of a light sensing organ, the ocellus, which forms on the same side of the head as the otolith. The darkening of the ocellus just before hatching marks the beginning of the pre-hatching stage ( Fig. 1 ; PreH, 32 h). This stage lasts somewhat longer than 2 h and, given the time for actual hatching of the majority of embryos in a given batch, we define the hatched stage as 36 h. This marks the end of embryonic development.
RESULTS
In the sections below, we present voltage-clamp analysis of inward and outward K+ currents and inward Ca2+ currents, as well as current-clamp analysis of the action potential, at each of the eleven stages defined above (see Methods and Fig. 1 component comprises 21 + 2 % of the total current (n = 44), whereas at 36 h it comprises 84 + 3% (n = 17). The development of the total ICa and its inactivating and sustained components are plotted in Fig. 2B (0) subtypes. The inactivating current was taken as the difference between peak and steady-state current (500 ms) multiplied by 1-21. This figure is derived from the 79% inactivation of the current at 16-24 h, which we assume to represent a single channel type (see text). The sustained current was taken as the current at 500 ms minus the inactivating current multiplied by 0-21. Note that the sustained current first appears at 26 h, and contributes all of the increase in total current density after that time; n values same as in Fig. 2B . Records in A and B, and densities in C taken at +20 mV from a holding potential of -60 mV.
Although the I-V relations of the currents at 20 and 36 h are the same (Fig. 2C) , the different sensitivities of the inactivating and sustained forms of Ica to conotoxins suggest that they are mediated by different channel types. Crude toxin from Conus marmoreus, a mollusc predator, preferentially blocked the inactivating component of the Ica, at both early and late stages of development (Fig. 3A) . The block of the inactivating component was 64 + 4%; block of the sustained component was 11 + 24% (n = 7, P = 0 02; measured at different developmental stages -the fractional block of each component was not stage dependent). Crude toxin from Conus imperialis, an annelid predator, preferentially blocked the sustained component (Fig. 3B) . Block of the sustained component was 54 + 8%; block of the inactivating component was 6 + 3% (n = 10, P = 0 001).
At late stages, the component resistant to Conus imperialis toxin has similar kinetics to the total Ca2+ current at early stages ( Fig. 3B, 0 ).
The developmental time courses in Fig. 2B were calculated assuming 100% inactivation of the inactivating component. Figure 3C shows a separation based on the assumption that the current that appears at 18 h represents a single channel type which shows 79 % inactivation during the 500 ms test pulse. This assumption is consistent with the fact that the small Ca2+ current present in the oocyte, which is identical in many properties to the Ca2+ current in 18 h muscle cells, also shows a sustained component of about 20% Figure 4 shows records of this current from a tadpole muscle cell. The LVA ICa activated at about -30 mV (Fig. 4B) , and could be inactivated completely by prepulses to -10 mV (Fig. 4C ). These potentials are more positive than is typical of LVA Ca2+ currents in mammalian cells (Narahashi, Tsunoo & Yoshii, 1987) . The LVA ICa may serve both to lower the threshold for spike generation and to speed the activation of the total inward current. As indicated in Fig. 4B , the presence of the LVA current has almost no effect on the total ICa measurements in the previous figures, which were made at +20 mV. (Fig. 6B) . After 24 h, the fastest time constant in control solutions gradually decreases by more than 10-fold, while the time constant in 0 Ca2+ remains slow and falls along the predicted developmental time course for IK (Fig. 6B) . Figure 6C compares the average r-V relation for cells at 24 h in normal external solution (0) at all potentials): the current is first detectable at +10 mV and activates slowly (T r 120 ms); speed of activation increases with more positive potentials; and the relation saturates near +60 mV (T 80 ms).
The above data indicate that IK, which is the only outward current present before 24 h, is retained throughout later development in essentially unchanged form, and that the faster, IK(ca) is simply added to it. Addition of the IK(ca) both speeds activation of the total outward current by about 10-fold, and lowers its threshold of activation by 30 mV, from +10 to -20 mV. Separation of the total outward current into IK and IK(ca) reveals that IK attains its final density at 26-28 h, the same time at which 'K(ca) first appears. 'K(ca) contributes all of the density increase in total outward current after 26 h (Fig. 6D) . This pattern is similar to that of the two Ca2+ current components (see Fig. 3C ). Development of the composite currents of the action potential The combination of the increased amplitude of the outward current, its increased rate of activation, and the negative shift in its voltage dependence causes a dramatic decrease in the duration of the net inward current during voltage-clamp pulses, from 134 + 40 ms at 20 h (n= 15) to 8 + 1 ms at 36 h (n = 13) (measured at +10 mV, using K+ internal solution; Fig. 7 ). The decrease in duration of the net inward current not only has the expected effect of shortening the duration of the action potential (see Fig. 9 below), but is also likely to change the response of the cells to depolarizing stimuli. At early stages, the long duration of the net inward current would make the cells able to generate action potentials in response to slow depolarizations, whereas in the mature state, very rapid depolarizing stimuli would be required to generate action potentials, because net outward current would be generated at all potentials during a slow ramp depolarization.
Development of the inwardly rectifying K+ current
The inwardly rectifying K+ current VK(IR)) activates at potentials negative to -60 mV, and represents the major resting conductance of many oocytes and embryonic cells (see Hagiwara & Jaffe, 1979; Moody, 1995 The fraction of cells that do not express any detectable IK(IR) (e.g. Fig. 8A , 20 h) rises from 0% at 12 h, to 33 % at 16 h, to 72% at 20 h, and then gradually returns to 0% at 30 h. When these cells are excluded from the analysis, IK(IR) density never falls below 30% of its value at gastrula, and the period during which IK(IR) density is significantly decreased at all is only 4 h (18-20 h, inclusive), as opposed to 8 h (16-22 h) in the composite densities in Fig. 8B . These data raise two possibilities: (1) every muscle cell loses 'K(IR) completely for a brief period (2-4 h), and the longer window of decreased mean density reflects asynchrony in times at which this total loss occurs in different cells; or (2) Figure 9A shows action potentials recorded in response to applied current pulses at three stages of development. As expected from the voltage-clamp data, there was a progressive decrease in duration of about 8-fold during development ( Fig. 9B ; see also Davis et al. 1995) , and a corresponding increase in the rates of rise and fall. The change in spike duration is gradual, and much of the decrease occurs between 16 and 24 h, before IK(ca) appears. This reflects the importance of increasing K+ current density, as well as activation rate, in controlling spike waveform (Lockery & Spitzer, 1992) . We also categorized the occurrence of spontaneous action potentials in the absence of applied current during wholecell recording in 39 cells (see Fig. 9 legend for details). Figure 9C shows that during the time when IK(IR) was present only at low density (16-24 h), 85% of the cells (22/26) generated spontaneous action potentials at a frequency of > 0 2 s'. After 'K(IR) returned to control density (26-36 h), only 38% of the cells (5/13) were active, and all of those were recorded between 26 and 30 h. To guard against artifacts resulting from leakage currents at the pipette seal contributing to these measurements, we repeated the recordings using cell-attached patches, in which action potential activity can be readily monitored (see Forda, Jessell, Kelly & Rand, 1982) , and obtained similar results.
DISCUSSION
A summary of the development of Ca2+ and K+ currents from the unfertilized egg to the fully mature, contractile muscle is shown in Fig. 10 . These density plots reveal that the patterns of channel expression during the cleavage stages (egg through neurula; 0-16 h) are very different from those during terminal differentiation (neurula through Fig. 10 ) present in the unfertilized egg disappears completely by first cleavage, 2 h after fertilization (Block & Moody, 1987) .
A high-threshold inactivating Ica is also present in the oocyte, very similar to that just after neurulation, but at about 10-fold lower density (mean 0 5 pA pF'; see
Simoncini . It is maintained at constant density through the 32-cell stage (not visible at the scale used in Fig. 10 ), a process which requires upregulation of the total ICa due to the addition of substantial new membrane to the embryo, and then disappears entirely before gastrulation (12 h; Simoncini et al. 1988; (1) a highthreshold inactivating ICa' similar to that found in the oocyte, but which now increases within 4 h to a density 10-fold higher than in the oocyte (Fig. 10A, hatched (Ohmori & Sasaki, 1977) , indicating that functional neuromuscular contacts may be formed during the latter part or just after the window of spontaneous activity.
Thus the inactivating Ca2P current and the slow, voltagedependent K+ current, which appear at the same time, represent ion channels which function primarily in the immature muscle cell, before the development of contractility, to mediate long-duration action potentials. These action potentials occur spontaneously because of the virtual absence of the inward rectifier. Ca2P entry during these action potentials appears to be necessary for the later development of IK(ca) . The sustained Ca2P current and the rapidly-activating IK(Ca) on the other hand, function in the mature cells. They mediate a short-duration action potential which, because of the reappearance of the inward rectifier, occurs only when triggered by synaptic input and serves to mediate contraction. The immature currents are retained in the mature cell, although their function is not clear.
Although the appearance of ICa and IK' and the disappearance of IK(IR) all occur near the time of withdrawal of the muscle-lineage cells from the cell cycle, they are probably regulated differently. The appearance of ICa and IK requires a preceding period of RNA synthesis which extends several cell cycles earlier than the terminal one, whereas the disappearance Of IK(IR) does not . Furthermore, ICa and IK appear first in muscle-lineage cells and only later, if at all, in other cell types, whereas IK(IR) disappears in all cell types simultaneously (Simoncini et al. 1988) . Because the inward rectifier is the last in a sequence of three oocyte channel types to disappear, and because the disppearance of the first one, the oocyte Na+ channel, is linked to the cell-cycle clock (Coombs, 1995) , IK(IR) loss might also be regulated by the cell cycle. The entire window of time when IK(IR) density is low could be regulated in this way if withdrawal from the cell cycle triggered both the rapid removal of inward rectifier channels from the membrane and the slower synthesis of a mature form of the channel. Similarly, although the late appearance of IK(ca) and the sustained Ca2+ current occur at nearly the same time, they too appear to be separately regulated. The appearance of the IK(ca) is regulated by spontaneous activity, whereas that of the sustained Ca2P current is not .
The significance of the transition from an inactivating to a sustained Ca2+ current is not obvious. In the mature cells, the duration of the action potential is only about 10 ms, so that the behaviour of the Ca2+ current at longer times would not seem to be very important in determining spike waveform or Ca2+ entry. It is possible that the significance lies in the behaviour of the Ca2+ current at the termination of the action potential. At early stages, the inactivating Ca2+ channels may reopen on repolarization, thus increasing the amount of Ca2P entry caused by each spike (Slesinger & Lansman, 1991 entry, or in the spatial association of Ca2+ and Ca2+-dependent K+ channels (see Wisgirda & Dryer, 1994) . Some of these events are very similar to those in other cell types. In Xenopus spinal neurones, for example, the early appearance of ICa and the later speeding of delayed K+ current activation creates a period during which action potential duration is long, and the occurrence of spontaneous action potentials during this time is responsible for some of the K+ current speeding (Barish, 1986; O'Dowd et al. 1988; Desarmenian & Spitzer, 1991) . However, the genesis of the spontaneous activity is not known in Xenopus neurones. Because spontaneous activity early in development is widespread in the vertebrate nervous system (see Shatz, 1990) , it is possible that co-ordination of the development of channels that set the resting potential and those that determine ion fluxes during the action potential, such as we have reported here, is a phenomenon of general importance. BARISH, M. E. (1986 
